This manuscript is a complementary article to an accompanying paper, published in a forthcoming issue, which will give an overview on the central role of chelation in labelling radiocompounds; either for imaging and/or for radionuclide therapy. In order to facilitate a better understanding of the importance of Chelator-Based Imaging & Therapy, we will briefly discuss in this publication -which is partially intended as an introduction to the second paper -which contains the major basic principles of molecular imaging and radionuclide therapy. Although these issues are of interest in the general field of Nuclear Medicine; since the chelation process involves the labelling with radiometals; we aim to highlight examples of this category in this paper which concern this class of nuclides in this particular issue.
Introduction
The Brookhaven National Laboratory (BNL) developed the first 99 Mo/ 99m Tc generator in 1959. This was a most important tool, which gave the possibility to produce in loco radiocompounds usable in the clinical setting [1] . Numerous generator systems have been produced but none have found a commercial diffusion (Table 1 ). In 1964, the first technetium-99m ( 99m Tc) radiotracers were developed at Argonne National Laboratory [2] . Whilst we have the ability to produce incredibly fast diffusion of positron emission tomography (PET) procedures in the beginning of the third millennium, the majority (around 85%) of radiopharmaceuticals used worldwide today in imaging, still contain the radiometal technetium-99m [3] .
In addition, as well as being used as a diagnostic tool, radiopharmaceuticals also find applications in therapy -notably in the treatment of cancer. However, the clinical application in benign diseases are widely diffuse [16, 17] . The Imaging Periodic Table (Table 2) gives an overview of the types of radiation emitted from the various radionuclides. Table. When a radiopharmaceutical is introduced into the body, it localises in particular tissue(s) on the basis of a distribution determined by its action as a radiotracer of a biological process. The extent to which this happens is dependent either on the radiocompound and/or on pathophysiological characteristics of the tissue(s) [18] . A specific radiopharmaceutical may be concentrated at the site of a lesion such as a neoplasm; an infective process and/or of a particularly normal tissue. These processes follow molecular events generally typical for uptake within a tissue(s), although rarely pathognomonic [19] . The patient can then be scanned in order to image the radioactivity: this generates a real-time imagine of what is happening in the body [20] . A significant advantage of this method over other imaging techniques is that the ponderal amount of radioactive compounds is very small -often nanomolar quantities or less [21, 22] . This is a major advantage for use in molecular imaging with respect to the two main systems currently in use such as computed tomography (CT) and magnetic resonance imaging (MRI), when performed with contrast media.
In fact, gadolinium-containing agents or iodinated contrast media are used to enhance and/or modify the image. These imaging agent are administered in millimolar quantities and for these reasons they cannot be used to image many of the most important molecular processes as neurotransmission, metabolism etc. Subsequently, these processes can only be studied using tracers in the order of micro/nanomoles.
Conversely, the possibility of molecular imaging being in direct competition with nuclear medicine by using optical imaging (OI) has the capability to trace all of the most crucial biological events. Nevertheless, being optical imaging based, using light as the source of the image means that it can not be accurately used in vivo in humans to analyse deep organs. This is because light photons are not able to pass through the tissue matter [23] .
Pathophysiological Premises to Nuclear Medicine
Nuclear Medicine is the field in diagnostic imaging where the value of the image is less dependent on the scanner. The radiotracer is used in the clinical context for radionuclide studies. In order to understand this particular concept, a good precedent can derive from the study used for detecting Meckel's diverticulum which is the most frequent cause of bleeding in paediatrics. Nevertheless, at this time the most reliable diagnostic procedure is the planar scintigraphy used with 99m
Tcpertechnetate. The major advantage of planar scintigraphy is its commercial cost effectiveness per patient over the remaining procedures which include PET, SPECT and other radiological techniques such as ultrasound (US), CT and MRI [24] .
Although the spatial resolution of a standard gamma camera is typically more than 1 cm, the scintigraphy is able to detect the area of gastric ectopic mucosa at level of the bowel. Also, it may establish the pathophysiological cause of the bleeding. In fact, the radiotracer used for example 99m Tcpertechnetate, is biologically analogous of iodine. The imaging agent 99m Tc-pertechnetate concentrates in thyroid, salivary gland, choroid plexus and gastric mucosa. This behaviour leads to a diagnosis based on a radiotracer's concentration at the level of the ectopic gastric tissue. This allows diagnosis which is not normally feasible by morphostructural techniques not with standing their higher spatial resolution.
This means that in presence of an increased uptake of the radiotracer which would have a favourable lesion/background concentration rate, the information is substantially independent of the spatial resolution from the diagnostic instrument. In other words, these functional studies represent the 'living function': normal (physiology) or altered (pathophysiology). Conversely, morphostructural techniques are used to evaluate 'anatomy' and 'pathological data', i.e. static information having substantially the same content in the living body and/or in a non-living subject.
Furthermore, these functional alterations precede the establishment of a pathological change, as in the non-living subject. Therefore, it is possible to acquire functional procedures with an earlier diagnosis, being achievable original information being more strictly connected with prognosis and therapy [25] .
Gamma Emitters and SPECT Imaging
There is a broad spectrum of radionuclides and between them a large number of radiometals are currently being used for medical imaging and therapy. They have different mechanisms of radioactive decay, making them suitable for particular applications [26] . The most commonly used diagnostic tool involves radiometals which emit gamma rays. The gamma rays are detected using a gamma camera [27] . Typically, this system is based on a detector capturing the rays with a sodium iodide crystal; light photons obtained by 'scintillation' are then transformed into electric signals, amplified and elaborated in order to create an image. A similar process is maintained when using more modern detecting systems, as those using solid detectors [28] . Historically created as analogical machines; at the present all gamma cameras are fully digitalized. The final image may be either reconstructed in a single plane, to obtain the so called static or sequential 'scintigraphy', or three-dimensionally, using a single photon emission computed tomography (SPECT) being able to produce a tomoscintigraphy with gamma emitters, i.e. a SPECT image (Figure 1) .
A further significant improvement has been achieved with the diffusion of the so called hybrid systems; constructed in the same gantry with two (or exceptionally three) different imaging tools. Typically, a nuclear medicine machine [29] such as (SPECT, PET) combined with a CT scanner [30] .
More recently, PET/MRI hybrid systems have been commercialized [31, 32] , although still in the experimental preclinical field SPECT/MRI machines are still being commercially developed [33] .
The major advantage of hybrid machines is the possibility of integrating the functional image obtained by radionuclide procedures with morphostructural data acquired by CT (or MRI). In this instance a significant improvement in diagnostic accuracy is reached; together with further and/or better capabilities, as those connected with a utilization of the hybrid system as a guide for a biopsy or in the better biological definition of a target for radiotherapy. It has to be pointed out that at present all the CT scanners included in a hybrid machine are diagnostic multi-slice CT (MSCT) [34] .
Scintigraphy and SPECT are the final result of a signal starting from radionuclides that emit gamma photons of a given energy [35] . In Table 3 are represented the actually more frequently used gamma emitters.
It is noted that, between them, the most diffuse is certainly 99m
Tc, which utilized in more than 95% of the examinations performed with a gamma camera. The use of 67 Ga, as citrate [36] , is nearly disappeared, having being completely overwhelmed by the clinic explosion of PET with 18 F-fluoro-
The diagnostic use of iodine-131, which emits beta radiation [37] is used in radionuclide therapy and is almost only limited to the whole body evaluation performed in the follow up of patients with differentiated thyroid cancer [38] . In this instance, as in all the other clinical indications where radioiodinated compounds are of diagnostic interest, iodine-123 which is a pure gamma emitter shows more favourable physical and dosimetric characteristics is preferred [39] .
Iodine-123 has great potential in radiochemistry, allowing for production of numerous radiopharmaceuticals of clinical interest. Unfortunately radiotracers labelled with iodine-123 are affected by financial constraints which are determined by the need of long distance transport from the few 'industrial' sites of production [40] . Table 3 : A selection of SPECT radionuclides.
The radio-iodinated compounds used in the clinical setting compared to technetium-99m are 123 Imetaiodobenzylguanidine (MIBG) [41, 42] and 123 I-FP-CIT-ioflupane (DATscan©) [43] . While thallium-201, formerly widely used in myocardial scintigraphy [44] , has practically disappeared from the radionuclide toolbox; it is almost completely replaced by technetium-99m perfusion agents. Indium-111 continues to be utilized almost exclusively for the labelling of the somatostatin analogue octreotide (Octreoscan©) [45] .
Molecular Imaging Capabilities of Gamma Emitters and SPECT
Radiocompounds labelled with technetium-99m are the most diffuse radiotracers used in clinical practice; due to their ability to perform in widely used studies, as gated-SPECT with myocardial perfusion agents, bone scans, thyroid scintigraphy and so forth [46] [47] [48] [49] [50] [51] . In conjunction with traditional examinations, nethertheless there is a role, shared by iodine-123 radiotracers, already available in the clinical setting.
Consequently developing innovative applications, as those more strictly related to a molecular imaging based on complex pathophysiological premises; for example it is already possible to image metabolic pathways and receptor expression.
In this context, the information generated from molecular imaging is able to uncover staging and monitor numerous cancers, ability to detect and biologically-time deep venous thrombosis (DVT). In addition, molecular imaging would have the potential to evaluate multi-drug resistance to chemotherapy including imaging angiogenesis and apoptosis. Molecular imaging has the ability to target early diagnosis of disease states and to calculate the therapeutic response from novel biological drugs. Finally, molecular imaging would help to diagnose and evaluate Parkinson's disease and other neurodegenerative conditions in the clinical setting [52] . 
PET Imaging
Presently, positron emission tomography (PET) is the technological apex of radionuclide imaging techniques in humans, providing the highest sensitivity and spatial resolution. This innovative procedure arrived in the 1970's and was applied first in the early 1980's, mainly for the evaluation of brain diseases. Accordingly, PET is actually worldwide diffuse, prominent in oncology amongst other clinical indications, such as those concerning patients with cerebral, inflammatory and cardiac diseases, which are also present [53] [54] [55] [56] .
However, when certain radionuclides decay, a positron (a positively charged nuclear particle with the same mass as an electron) is emitted from the nucleus (Figure 2 ). This positron ( +) collides with an electron (e -) and both particles are annihilated, releasing energy (511 keV) in the form of two gamma rays, travelling in opposite directions. A series of detectors are placed around the subject, allowing for both the location and measurement of amounts of radioactivity in the patient to be determined more accurately than is possible with SPECT imaging. Whilst utilizing gamma emitters, it is possible to achieve planar images. Positron emitters are solely utilized to produce a tri-dimensional reconstruction, i.e. a tomography.
As for SPECT, a significant improvement may be clinically achieved using hybrid machines. At present, these are commercially available PET/CT and PET/MRI systems are available. Furthermore, because of the 'proof of concept' and superiority of all the PET machines they are now sold as hybrids i.e. PET/CT and no longer manufacture the stand-alone PET equipment. The most diffuse positron emitters are reported in Table 4 
Molecular Imaging Capabilities of PET
In the toolbox of functional techniques PET occupies a primary role. As previously reported the PET scanner is the technological apex of the current arsenal of Nuclear Medicine machines available today. This is because PET alone offers the best sensitivity and spatial resolution. In addition, the main reason of its importance is outlined in Table 4 . These positron emitters consists of the radionuclides carbon-11, nitrogen-13 and oxygen-15; i.e. radioisotopes of three of the major constituents of biological matter.
Unfortunately, these radionuclides are affected by a too fast physical half-life -in the order of few minutes -their clinical utilization requires the in loco availability of a cyclotron, i.e. of the production machine. This creates difficult organizational problems. As a result of the radionuclides having a rapid half-life and for these reasons, the real birth, growth and diffusion of the clinical role of PET has been dependent on fluorine-18, having a longer half-life (110 minutes). This allows for its use also in centres without cyclotrons.
Accordingly, fluorine-18 is a radio-halogen having the capability of radiolabelling, without modifying its biochemical functionality. Fundamental biomolecules, which can be first of all the utilized, include the glucose analogue 2-deoxy-2-( 18 F)fluoro-D-glucose ( 18 FDG).
Furthermore, using this radiopharmaceutical, it is possible to study in vivo pathophysiological changes which occur in humans during glucose metabolism which typically is increased in the large majority of malignant neoplasm as well as in some benign pathologies, such as active inflammatory diseases [57, 58] . The commercial availability of 18 FDG is present in numerous a Nuclear Medicine Institutions and its major clinical role is to help in the diagnosis of cancer disease states (Table 5) .
PET- 18 FDG is rapidly growing as the number of radio-fluorinated compounds, including many newer radiopharmaceuticals such as 18 
CARDIOLOGY
PET can be used to assess the presence, extent and severity of cardiovascular disease, especially coronary artery disease (CAD). Its role is particularly centred on the evaluation of viable myocardium. PET helps to identify patients who are likely to benefit from heart bypass surgeries and/or other revascularization interventions.
NEUROLOGY
PET is useful in diagnosis, planning treatment and predicting outcomes in various neurological diseases such as Alzheimer's disease.
INFLAMMATION
May define activity of inflammatory diseases such as granulomatosis, sarcoidosis, tuberculosis, arteritis and Crohn's disease. May allow diagnosis of acute or chronic infection/inflammation. In the Fever of Unknown Origin (FUO) it may detect the pathologic site, (more frequently a lymphoma or a chronic inflammation).
OTHER BENIGN PATHOLOGIES
May define functional activity at the level of benign lesions, mainly in endocrinology. is paramount that the cyclotron is close to the PET scanner. However, the use a cyclotron is currently limited to the research field. Accordingly, the clinical application of a PET scanner is only available when the facilities include a cyclotron and a qualified radiopharmacy. However, clinical usage is restricted to a few radiocompounds such as 11 C-choline, 11 C-methionine and 13 N-ammonia.
In industry, the general policy supports, when possible the production and use of alternative radiofluorinated compounds. This is already happening for 18 F-choline and for amyloid radiotracers [59] .
There is great interest in the clinical practice directed towards the diffusion of generator systems producing gallium-68 or rubidium-82.
The clinical value of the 68 Ge/ 68 Ga generator systems will be discussed in the following paper (part 2).
This is mainly connected with the possibility of labelling somatostatin analogues [60] . Rb is partially counterbalanced by the high cost/effectiveness in the clinical field of the alternative radionuclide study, i.e. gated SPECT with technetium-99m perfusion agents [61] .
The positron emitting radioisotope of iodine, i.e. iodine-124, is absent from Table 4 . This is due to a lack of interest for this radionuclide because its half-life of 4.18 days is too high. This makes it clinically problematic as there are issues with dosimetry and also the management of radioactive waste. Consequently, whilst some scientific papers can be found in literature; a discussion of iodine-124 as a gold standard for patients with differentiated thyroid cancer. Nevertheless, in the clinical context iodine-124 is not a competitive cost/effective alternative with respect to the corresponding gamma emitter for example iodine-123.
PET Molecular Imaging
PET in humans provides the most effective spatial resolution and sensitivity amongst all the alternative radionuclide techniques. Furthermore, it is possible to radiolabel with positron emitters practically all the most important molecules of biological interest [62] . Therefore, it is clear that PET, either as the hybrids PET/CT or PET/MRI, represents the most efficient way in humans to generate molecular images. Moreover, having the capability to determine an earlier diagnosis and/or to acquire pathophysiological information more strictly connected with prognosis and therapy [63] .
Consequently, the analysis of molecular imaging is not the aim of this paper we only suggest here some references that could give to the reader a sufficient although updated information [64] .
Beta Particles
A third type of radioactive decay involves the emission of a nuclear beta particle having the mass of an electron and being negatively charged. Several of these radionuclides are used in radionuclide therapy, because these particles have the ability to travel a short distance in biological tissues. Hence, producing ionization events and localized damage in a distance of microns up to few millimetres from the point of origin [65] . This ensures that biologically damaging collisions between the particle and cellular components mainly occur close to where the radiopharmaceutical has localised, thus reducing the damage to healthy tissues due to limited concentration of the radionuclide.
However, due to the crossfire effect, aneoplastic or otherwise pathological non-concentrating cells may be destroyed, if they stand within the maximum range of the beta radiation [66] .
More recently, new radiobiological effects have been proposed to justify the possibility to kill pathological cells that do not concentrate the radionuclide. The first is the so called bystander effect which determines the possible killing of cells without targeting the residents in the pathophysiological unit where the therapeutic radiocompound has been concentrated by targeted cells. This destructive action is probably connected with toxic molecules, produced through the destructive effect of radiations and released into the extracellular space.
The second mechanism is called abscopal effect and may determine the possible destruction of nonconcentrating cells also far from the site of the radioactive's uptake, as in distant metastases. This phenomenon is probably connected with the activation of the immune system against neoplastic cells, probably involving T-cells and dendritic cells.
With respect to the range of their direct ionizing effect beta radiations may be categorized by:
Low-range beta sources (mean range < 200 µm). Nuclides of this category may provide a uniformity of local energy deposit substantially comparable with alpha emitters.
Medium-range beta sources (200 µm < mean range < 0.2-l.0 mm). Possible medium range beta sources include 47 Re.
It has to be remembered that radionuclides preferably used in diagnostic imaging are pure gamma emitters. Nevertheless some radionuclides such as 131 I or 177 Lu have a decay mode which emits both gamma and beta radiations. This characteristic, because of the associated high radiation dose to the patient is ineffective for imaging. Therefore, becomes a negative issue when radiocompounds are labelled with these radionuclides (e.g. 131 I or 177 Lu) are proposed for diagnostic purposes [67] .
Conversely, when they are used in radionuclide therapy, this peculiarity becomes an advantage, allowing the in vivo visualization of the distribution of the radiotherapeutic compound. In absence of a gamma emission, beta emitters may also be imaged through the so called bremsstrahlung X-ray radiation [68] .
Alpha Particles
Alpha particles (Table 6 ) may be used in therapy to destroy a variety of tumours, but they are not yet widely diffuse in the clinical setting. The appeal of alpha particles is their short range, about 50-90 μm and high linear energy transfer (LET) which is in the order of 80 keV/µm. An alpha particle traversing a diameter of a 10 µm cell nucleus will deposit energy of 800 keV which is equivalent to an absorbed dose of about 0.25 Gy. Only about 3-6 hits per cell nucleus are required to kill a fraction of 63% population.
To reach a more favourable cost/effective model for therapeutic purposes will require a high tumour/background ratio. Thus allowing lethal doses to destroy the neoplasm without any significant damage to the surrounding normal cells would be a requirement for this technique. The potential alpha-emitters for radionuclide therapy and in particular the ability to radiolabel monoclonal antibodies (MoAb) in radioimmunotherapy (RIT) include astatine-211 and bismuth-212. However, bismuth-212 is produced from lead-212 and its half-life (60.6 min) is too short to be used alone in the clinical setting [69] . Table 6 : Shows the most important therapy radionuclides used in nuclear medicine.
Nevertheless, if a lead-212 radiolabelled MoAb conjugation (the basis of a pro-drug) can be formed the lead-212 will continuously generate bismuth-212 acting on the tumour cells. Although less interesting from a radiochemical perspective, the first alpha emitter which appeared in the clinical setting was radium-223 and indicated similar pharmacokinetics to calcium [70] .
Therefore, lead-212 radiolabelled MoAb conjugations have been proposed in the palliative/curative therapy of patients with advanced prostate cancer and diffuse skeletal metastatic cancers [71] .
In fact, because of the high osteoblastic activity at the level of the secondary neoplastic lesions, it is possible to give a high radiation dose to the bone metastases, in presence of a satisfactory salvage of adjacent bone marrow normal cells.
Electron Capture (EC) and Internal Conversion (IC)
In electron capture (EC) and internal conversion (IC) decaying sources, gamma rays and a copious flux of Auger electrons (Ae) are released. Most of the Auger electrons emitted are of very short range (<1 µm) and therefore are only of therapeutic importance if the source is attached or localized very close to the target DNA. However, with internal conversion (IC), an electron of high energy may be released [72] .
Radionuclides which have EC or IC decay mechanism can be utilized in radiolabelling of monoclonal antibodies. These radionuclides are linked to the monoclonal antibody by using bifunctional chelating agents such as derivatives of DTPA. Conversely, after the initial application of 111 In-pentreotide (Octreoscan©) at high dosage in patients with neuroendocrine tumours (NET), this approach didn't generate a further significant scientific and/or commercial interest, because of the superiority of alternative strategies [74, 75] .
Conclusion
In this paper we have briefly described the basic premises to molecular imaging and radionuclide therapy, i.e. the core of Nuclear Medicine. The future of imaging agents is very dependent on radiochemical methodologies being developed to allow the incorporation of the radionuclide into the chemical compound.
In particular, it is very important to comprehend the capability of radionuclide procedures to act as primary tools either in molecular imaging and/or in a therapy based on pathophysiological premises. In the accompanying paper, Chelator-Based Imaging & Therapy, the radiochemical issues of radiochelates will be more extensively reviewed. For diagnostic purposes, the gamma emitting metal technetium-99m still remains the most diffuse worldwide clinically used radionuclide. Its pivotal role in radiochemistry strongly stimulates an experimental and commercial interest in individuating new radiochelates, having capability to enlarge the borders of the use of SPECT, mainly in the most modern applications of molecular imaging.
The advancement of chemical synthesis will allow further diffusion of positron emitters in the clinical setting and to develop more interesting PET imaging agents which go beyond 18 FDG. In this context, together with the broader interest for novel radiofluorinated compounds, a major attention is certainly directed to the development of radiopharmaceuticals that could be labelled with gallium-68 produced from mobile generator systems.
Concerning the area of radiochelates is to generate a greater interest in radiocompounds which can be utilized for therapeutic purposes. In fact, it has to be remembered that all radiopharmaceuticals may undergo an in vivo metabolic process, producing new useless and harmful radiochemical metabolite(s). While only a minor negative effect is generally determined when using diagnostic tools, it can be detrimental when unstable radiocompounds are used for radiotherapeutic purposes. Therefore, although a therapeutic effect may be carried out with beta emitters and in some cases allow the radiolabelling of many complex biomolecules. In particular, iodine-131, but unfortunately the high in vivo rate of de-iodination is a major drawback for the predictable achievement of a favourable tumour/background ratio for a large number of radio-iodinated therapeutic tools.
Conversely, radiochelation allows the production of many stable radiocompounds which frequently remains largely unmetabolized when injected in vivo. Therefore, although the presence of collateral effects, as those connected with the possible high radiation dose at the level of emunctories or bone marrow, may limit the dosage, their in vivo efficacy may be more easily predicted, using pharmacokinetics dosimetric models.
This capability strongly stimulates either a basic and applied research of commercial interest, which concerns the synthesis of many new 'radiotherapeutic bullets', including many of the most modern and intriguing biopharmaceuticals. In this context, the technological drive is to produce radiopharmaceuticals which can be labelled not only with beta emitters, but also with the more effective, although yet less manageable, alpha emitters. Therefore, the pivotal role in radiochemistry of radio-halogens, such as radioiodine and fluorine-18, will certainly remain in the near future. Furthermore, the interest for radiolabelling with metals using chelates will similarly grow either for diagnostic and/or therapeutic purposes.
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